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Presented  in  ICNDST-8  and  submitted  to  Diamond  and  Related  Materials 


Carbon-Nanotube  Cold  Cathodes  As  Non-Contact  Electrical  Couplers 

Y.  Chen,  C.  Liu,  and  Y.  Tzeng 
Department  of  Electrical  and  Computer  Engineering 
Auburn  University,  Auburn,  Alabama  36849  (USA) 


Abstract 

When  two  carbon-nanotube  coated  electrodes  are  placed  at  a  small  distance  from  each 
other,  electron  emission  from  carbon  nanotubes  allows  a  DC  or  AC  electrical  current  to 
flow  between  these  two  electrodes.  The  voltage  drop  across  these  two  electrodes  depends 
on  the  electric  field  needed  for  emitting  electrons  necessary  for  carrying  electric  current 
and  the  distance  between  these  two  electrodes.  This  electrical  coupler  may  find 
applications  to  high-voltage  circuits,  which  operate  at  voltages  of  a  much  larger  value 
than  what  is  needed  across  the  electrical  coupler  to  supply  the  current.  Because  of  the 
non-contact  nature  of  this  class  of  electrical  coupler,  two  electrodes  are  allowed  to  move 
with  respect  to  each  other  while  keeping  the  gap  spacing  constant  and  allowing  the  DC  or 
AC  power  to  be  coupled  from  one  electrode  to  the  other.. 

*  Corresponding  author's  e-mail  address:  tzengy@eng.aubum.edu 
1.  Introduction 

Carbon  nanotube  is  among  the  most  promising  cold  cathode  materials  because  of 
its  excellent  electrical,  thermal,  and  mechanical  properties,  such  as  high  aspect  ratio, 
high  mechanical  strength,  and  high  resistance  to  chemical  and  physical  attacks  [1-5].  Low 
threshold  and  tum-on  electric  fields  for  field  emission  of  electrons,  as  well  as  high 
emission  current  densities  have  been  demonstrated.  In  this  paper,  carbon  nanotube  cold 
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cathodes  will  be  explored  and  applied  as  high-voltage  rectifiers  and  full-wave  non- 
contact  power  couplers.  These  applications  need  cold  cathodes  with  very  high  electron 
field  emission  current  density  and  very  low  tum-on  electric  field.  The  small  the  voltage 
drop  across  the  electrodes  and  the  larger  the  current  allowed  per  square  centimeter,  the 
better  the  device  is  used  for  non-contact  power  coupling. 

2.  Experimental  details 

2.7  Fabrication  of  carbon  nanotube  coated  electrodes 

Iron  catalyst  was  sputtered  on  silicon  substrates  followed  by  heating  in  air  at 
300°C  for  8  hours.  Thermal  CVD  of  carbon  nano  tubes  was  performed  in  a  vacuum 
furnace  filled  with  a  gas  mixture  of  acetylene  and  argon  at  a  pressure  of  70  torr.  The  flow 
rates  for  argon  and  acetylene  were  75  seem  and  20  seem,  respectively.  Before  the  gas 
mixture  was  fed  into  the  furnace,  the  substrate  was  heated  to  700°C  in  vacuum  and  the 
temperature  was  remained  constant  during  the  20  minutes  growth  of  carbon  nanotubes. 

Single  walled  carbon  nanotubes  were  suspended  in  a  solution  and  then  coated  on 
silicon  substrates.  After  the  solution  vaporized,  these  single  walled  carbon  nanotube 
coated  silicon  substrates  were  used  as  electrodes.  Clean  silicon  substrates  were  used  as 
the  anode  when  electron  emission  from  clean  silicon  electrodes  is  not  desirable. 

2.2  Current-voltage  characteristics  measurement 

When  electron  emission  characteristics,  i.e.  the  emission  current  vs  electric  field 
plot,  are  measured,  a  space  was  place  between  a  clean  silicon  and  a  carbon  nanotube 
coated  electrode  and  a  computer  controlled  DC  power  supply  supplies  voltages  to  the  gap 
allowing  current  to  flow  through  the  gap  and  a  resistor.  A  pico-ammeter  was  used  to 
measure  the  emission  current  with  data  fed  to  a  computer  for  further  processing.  The 
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electrodes  were  placed  inside  a  high-vacuum  chamber  for  the  electron  emission 
measurement. 

Shown  in  Figure  1  is  the  setup  for  power  coupling  measurements.  A  60  Hz  AC 
was  applied  across  two  electrodes  placed  at  a  fixed  distance  and  a  current  limiting 
resistor.  The  waveform  for  the  voltage  across  these  two  electrodes  and  that  for  the 
current  flowing  through  the  gap  between  these  two  electrodes  were  recorded  using  an 
oscilloscope.  For  rectifying  operation,  one  electrode  was  coated  with  carbon  nanotube 
while  the  counter  electrode  was  a  clean  silicon.  For  two-way  coupling  of  electric  power, 
both  electrodes  were  coated  with  carbon  nanotubes. 

3.  Results  and  discussion 

3. 1  Rectifying  electrical  power  coupling 

When  electrical  current  is  to  be  allowed  to  flow  in  only  one  direction,  a  carbon 
nanotube  coated  electrode  was  used  as  the  cathode  while  a  clean  silicon  substrate  was 
used  the  anode.  A  60  Hz  AC  power  supply  was  used  to  power  the  circuit. 

3. 1. 1  Single  walled  carbon  nanotube  coated  cathode  as  a  rectifier 

Shown  in  Figure  2  (a)  is  the  oscilloscope  trace  of  a  half-wave  rectified  60  Hz 
electron  current  that  flew  from  a  single  walled  carbon  nanotube  coated  cathode  to  a  clean 
anode  when  a  power  supply  was  first  turned  on  to  606  Volts.  There  was  no  electron 
current  flowing  from  the  clean  silicon  to  the  carbon  nanotube  coated  cathode. 

After  a  few  minutes,  for  example,  oscilloscope  traces  shown  in  Figure  2  (b-d), 
electron  current  started  to  flow  from  the  originally  clean  silicon  electrode  towards  the 
carbon  nanotube  coated  electrode.  The  electron  current  originating  from  the  clean  silicon 
electrode  can  be  seen  as  the  smaller  negative  part  of  the  waveforms.  The  electron 
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current  originating  from  the  silicon  electrode  first  increased  with  time.  After  hours  of 
operation,  both  electron  current  from  carbon  nanotube  coated  electrode  and  that  from  the 
silicon  electrode  decresed  and  stabilized  as  shown  in  Figure  2(d). 

The  on-set  of  electron  emission  from  the  silicon  electrode,  that  was  not 
intentionally  coated  with  carbon  nanotubes,  was  actually  caused  by  the  coating  with 
carbon  nanotubes  that  were  forced  to  fly  from  the  carbon  nanotube  coated  cathode  to  the 
clean  silicon  electrode  by  a  strong  electro-static  force. 

Shown  in  Figure  2(e)  is  the  electron  field  emission  characteristics  of  the  single 
walled  carbon  nanotube  coated  electrode.  Shown  in  Figure  2(f)  is  the  electron  field 
emission  characteristics  of  the  originally  clean  silicon  electrode.  A  negative  voltage  was 
applied  to  the  clean  silicon  electrode  to  force  some  loose  or  broken  carbon  nanotubes  to 
fly  across  the  gap  and  get  deposited  on  the  originally  clean  silicon  electrode.  The  on-set 
of  electron  emission  from  the  originally  clean  silicon  electrode  was  similar  to  that  of  the 
single  walled  carbon  nanotube  coated  electrode  indicating  that  some  broken  pieces  or 
loose  carbon  nanotubes  on  the  cathode  was  forced  by  the  electric  field  to  fly  and  coat  on 
the  silicon  substrate. 

3.1.2  Multiple  m> ailed  carbon  nanotube  coated  cathode  as  a  rectifier 

Shown  in  Figure  3  (a)  is  the  oscilloscope  trace  of  a  half-wave  rectified  60  Hz 
electron  current  that  flew  from  a  multiple  walled  carbon  nanotube  coated  cathode  to  a 
clean  anode  when  a  power  supply  was  first  turned  on  to  606  Volts.  There  was  no 
electron  current  flowing  from  the  clean  silicon  to  the  carbon  nanotube  coated  cathode. 

After  four  hours  of  operation,  there  was  no  electron  emission  from  the  clean 
silicon  electrode  as  shown  in  Figure  3(b).  This  indicated  that  adhesion  of  CVD  multiple 
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walled  carbon  nanotubes  on  the  substrate  was  stronger  than  that  of  single  walled  carbon 
nanotubes  on  the  substrate  The  applied  voltage  was  raised  from  606  Volts  to  2373  Volts 
and  almost  immediately  the  waveform  shown  in  Figure  3(c)  shows  electron  current 
flowing  from  both  the  originally  clean  silicon  electrode  and  the  carbon  nanotube  coated 
electrode.  It  took  2372  V  applied  voltage  instead  of  just  606  V  to  break  pieces  of 
carbon  nanotubes  and  other  carbon  particles  loose  from  the  CVD  carbon  nanotube  coated 
electrode.  The  electron  current  from  the  silicon  electrode  remained  stable  for  three  hours 
as  shown  in  Figure  3(d) 

The  on-set  of  electron  emission  from  the  silicon  electrode,  that  was  not 
intentionally  coated  with  carbon  nanotubes,  was  actually  caused  by  the  coating  with 
carbon  nanotubes  and  non-carbon  nanotube  that  were  forced  to  fly  from  the  carbon 
nanotube  coated  cathode  to  the  clean  silicon  electrode  by  a  strong  electro-static  force. 

Shown  in  Figure  3(e)  is  the  electron  field  emission  characteristics  of  the  multiple 
walled  carbon  nanotube  coated  electrode.  Shown  in  Figure  3(f)  is  the  electron  field 
emission  characteristics  of  the  originally  clean  silicon  electrode  after  applying  2373  volts 
of  60  Hz  AC  across  the  electrodes  and  a  resistor.  The  on-set  of  electron  field  emission 
from  the  originally  clean  silicon  electrode  was  higher  than  the  CVD  coated  one.  This 
indicated  that  there  were  some  non-carbon  nanotube  carbons  that  got  forced  to  leave  the 
carbon  nanotube  coated  electrode  to  the  clean  silicon.  These  carbon  particles  took  a 
higher  electric  for  the  on-set  of  electron  field  emission. 

3.2  Full-wave  non-contact  power  coupling 

Both  electrodes  were  coated  with  carbon  nanotubes  so  that  electron  current  can 
flow  in  both  directions. 
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3.2. 1  Single  walled  carbon  nanotube  coated  full-wave  coupler 

Shown  in  Figure  4  are  two  oscilloscope  traces  for  the  applied  sinusoidal  voltage 
and  the  electron  current  single  showing  the  current  flowing  in  both  directions.  The 
electron  current  flow  in  two  direction  were  not  of  the  same  magnitude  because  two 
electrodes  were  not  evenly  coated  by  single  walled  carbon  nanotubes. 

3.2.2  Multi-walled  carbon  nanotube  coated  full-wave  coupler 

Shown  in  Figure  5  (a-d)  are  four  oscilloscope  traces  for  the  electron  current 
flowing  through  the  gap  between  two  electrodes  coated  with  CVD  multi-walled  carbon 
nanotubes.  The  electric  power  can  be  coupled  in  both  directions.  As  shown  in  Figure  5 
(d),  the  electron  emission  current  actually  increased  with  time  of  operation  as  can  be 
compared  with  that  shown  in  Figure  5  (a).  Strong  electric  fields  between  two  electrodes 
force  loose  or  broken  particles  and  nanotubes  to  fly  from  one  side  to  the  other.  These 
small  pieces  may  be  the  cause  of  the  increasing  of  electron  emission  current  with  time. 
The  alternative  exposure  of  carbon  nanotubes  to  electron  beams  from  the  counter 
electrodes  may  also  contribute  to  the  time-varying  electron  emission  current  density. 
Shown  in  Figure  6  is  the  electron  emission  current  from  both  electrodes  as  a  function  of 
time.  The  electron  emission  currents  increased  with  time  of  operation. 

3.3  Potential  applications  of  carbon  nanotube  couplers  as  vacuum  opening/closing 
switches 

When  the  effective  electrical  coupling  resistance  is  minimized,  the  electrical 
coupler  may  serve  as  an  electrical  switch  that  is  at  its  closed  position  with  the  minimum 
voltage  drop  across  two  electrodes  being  much  smaller  than  the  applied  high-voltage  in 
the  circuit.  This  class  of  switches  may  find  many  applications  for  high  voltage  circuits 
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operating  in  the  space  or  in  a  vacuum.  This  switch  may  be  opened  by  increasing  the 
distance  between  two  carbon  nanotube  coated  electrodes.  A  properly  patterned  CNT 
coating  and  a  patterned  couner  electrode  can  move  with  each  other  in  parallel  in  such  a 
way  as  to  increase  the  distance  between  patterned  carbon  nanotubes  on  one  electrode 
with  respect  to  a  patterned  counter  electrode.  When  the  distance  between  the  CNT 
cathode  and  the  anode  is  so  large  that  carbon  nanotubes  becomes  subjected  to  a  electric 
field  that  is  below  the  on-set  threshold  for  electron  emission.  The  coupling  of  electrical 
current  is,  therefore,  disabled  and  the  switch  is  effectively  opened 
4.  Conclusions 

Application  of  carbon  nanotube  coated  electrodes  as  half-wave  rectifier  and  full- 
wave  non-contact  couplers  has  been  studied.  Adhesion  of  carbon  nanotubes  to  substrate 
is  a  critical  issue  for  the  rectifying  applications.  Unless  the  anode  can  be  protected  from 
unwanted  carbon  particles  and  broken  loose  carbon  nanotubes  that  are  attracted  to  the 
anode  by  strong  electric  fields,  the  anode  will  not  be  able  to  sustain  strong  negative 
voltage  before  it  start  to  “leak”  electron  current.  For  full-wave  power  coupling,  the  cross 
contamination  is  not  a  negative  issue.  As  a  matter  of  fact,  it  might  have  helped  increase 
the  electron  emission  current,  and,  therefore,  decrease  the  voltage  drop  across  the 
electrodes  during  operation.  When  a  higher  voltage  is  applied  and  a  smaller  gap  spacing 
is  adopted,  the  voltage  drop  across  two  electrodes  will  decrease  and  the  current  waveform 
will  become  closer  to  the  applied  sinusoidal  waveform. 
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Figure  1.  Schematic  diagrams  of  setups  for  measuring  rectifying  and  full-wave  power 
coupling. 
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Figure  2.  Electron  field  emission  characteristics  of  single  walled  carbon  nanotube:  (a) 
Rectifying  electron  current  when  the  applied  voltage  was  first  turned  on.  (b)  After  1 5 
minutes  operation,  (c)  After  2  hours  operation,  (d)  After  1 6  hours  operation,  (e)  Current- 
electric  field  plot  for  the  carbon  nanotube  coated  cathode,  (f)  Current-electric  field  plot 
for  the  originally  clean  silicon  electrode.  Dot:  Current  vs.  Increasing  electric  field;  Circle: 
Current  vs.  Decreasing  electric  field. 
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Figure  3.  Electron  field  emission  characteristics  of  multi-walled  carbon  nanotube:  (a) 
Rectifying  electron  current  when  the  applied  voltage  was  first  turned  on.  (b)  After  4 
hours  operation,  (c)  Applied  voltage  was  increased  from  606  volts  to  2373  volts,  (d) 
After  3  hours  operation  at  2373  volts,  (e)  Current-electric  field  plot  for  the  multi-walled 
carbon  nanotube  coated  cathode,  (f)  Current-electric  field  plot  for  the  originally  clean 
silicon  electrode.  Dot:  current  vs.  increasing  electric  field;  Circle:  current  vs.  decreasing 
electric  field. 
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Figure  4.  Electrical  power  coupling  between  two  silicon  electrodes  both  coated  with 
single  walled  carbon  nanotubes 


Figure  5 .  Electrical  power  coupling  between  two  silicon  electrodes  both  coated  with 
multiple  walled  carbon  nanotubes:  (a)  Electron  current  when  the  power  supply  of  1 193 
volts  was  first  turned  on.  (b)  After  25  minutes  operation,  (c)  After  2  hours  and  30 
minutes  operation,  (d)  After  9  hours  operation. 


12 


Figure  6.  Electron  emission  current  from  two  electrodes  powered  by  1193  volts  showing 
increasing  current  with  time. 
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Abstract 

Vertically  aligned  carbon  nanotubes  were  grown  on  electrically  conductive  electrodes 
by  means  of  thermal  chemical  vapor  deposition  in  mixtures  of  argon  and  acetylene. 

These  multi-wall  carbon  nanotubes  are  flexible,  strong,  and  electrically  conductive. 
Placing  a  metal  electrode  placed  in  contact  with  the  carbon-nanotube  coated  electrode 
allows  electrical  current  to  flow  between  these  two  electrodes  through  carbon  nanotubes. 
Electrical  contact  resistance  and  contact  potential  as  a  function  of  current  loading,  contact 
orientation,  and  depth  of  contact  are  reported.  Potential  applications  of  carbon-nanotube 
as  electrical  contacts  between  moving  parts  and  sensing  elements  are  discussed. 

*  Corresponding  author's  e-mail  address:  tzengy@eng.aubum.edu 
Keywords:  carbon  nanotube,  electrical  contact 

1.  Introduction 

Carbon  nanotube  (CNT)  is  among  the  most  promising  nanotechnology  materials  that 
may  soon  result  in  practical  and  commercial  products  that  will  greatly  advance  our 
modem  standard  of  living.  Besides  its  well  known  excellence  in  serving  as  a  cold 
cathode  allowing  emission  of  electrons  at  low  electric  fields,  carbon  nanotube’s 
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outstanding  mechanical,  thermal,  chemical  and  physical  properties  make  it  one  of  the 
most  studied  carbon  nano-structures  in  recent  years. 

Single-wall  carbon  nanotube  (SWCNT)  ropes  typically  have  a  low  resistivity  of  100- 
200  pQ-cm  [1],  which  lies  between  a  typical  aluminum-copper-silicon  interconnect  line 
with  a  resistivity  of  3.2  pQ-cm  and  a  polysilicon  interconnect  line  with  a  resistivity  of 
500  pO-cm  and  is  comparable  with  a  high-quality  carbon  fiber  with  a  resistivity  of  about 
100  pD-cm.  Low  measured  resistivity  has  also  been  reported  for  multi-wall  carbon 
nanotube  (MWCNT)  [2].  Boron  doped  MWCNT  [7]  was  reported  to  have  room- 
temperature  resistivity  down  to  7.4  x  10'7-  7.7  x  10’6Q-m  as  compared  to  pure  nanotubes 
(5.3  x  10'6-  1.9  x  HT’fFm),  making  the  resistivity  of  the  doped  tubes  comparable  to  that 
along  the  basal  plane  of  graphite. 

MWCNT  was  reported  to  be  able  to  carry  current  of  densities  up  to  109-  1010  A/cm2 
and  remain  stable  for  an  extended  period  of  time  at  high  temperature  in  air  [3].  The  sp2 
bonds  in  CNT  lead  to  much  higher  threshold  for  electromigration  than  typical  metallic 
interconnect  materials  such  as  aluminum.  CNT  shows  resistivity  anisotropy.  The 
resistivity  is  lower  in  the  aligned  orientation  with  an  anisotropy  reported  to  be  about  6-24 
for  a  set  of  magnetically  aligned  SWCNT  [1]. 

Although  CNT  can  carry  very  high  current  density,  it  is  known  that  by  simply  placing 
a  CNT  on  a  metal  electrode  we  may  measure  the  contact  resistance  to  be  on  the  order  of 
kQ  or  MQ  [3].  Tersoff  [4]  in  his  paper  explained  that  high  contact  resistance  between 
metal  and  CNT  may  be  due  to  the  unique  electronic  structure  of  the  contact  system, 
which  results  weak  electronic  coupling  at  the  Fermi  surface.  He  further  suggested  that  the 
problem  could  be  avoided  by  using  a  metal  whose  Fermi  surface  extends  all  the  way  to 
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the  CNT  Fermi  point.  An  ideal  candidate  would  be  aluminum;  however,  aluminum  oxide 
is  not  allowed.  Bachtold  et  al.  reported  [5]  that  exposing  a  nanotube-Au  contact  locally 
by  electron  beam  lowered  the  electric  contact  resistance  substantially.  The  two-terminal- 
resistance  decreased  by  four  orders  of  magnitude  from  an  initial  value  of  >  100MQ  to  ~ 
30  kO  after  a  total  exposure  dose  of  0.7  C/cm2.  Wei  et  al.  [3]  used  a  focused  ion  beam  to 
deposit  tungsten  electrode  onto  CNTs  and  made  the  CNTs  collapse  partially,  allowing  the 
multilayers  of  the  carbon  nanotubes  to  contact  the  tungsten  electrode  directly.  In  this 
case,  several  layers  of  nanotubes  carries  current  simultaneously  making  the  contact 
resistance  below  100Q  and  mostly  in  the  range  of  a  few  tens  of  ohms.  As  far  as  strained 
CNTs,  Paulson  et  al  reported  [6]  that  using  an  atomic  force  microscope  probe,  they 
found  that  in  some  samples,  changes  in  the  contact  resistance  dominated  the  measured 
resistance  change;  while  in  other  experiments,  strain  that  was  large  enough  to  fracture  the 
tube  could  be  applied  without  significantly  changing  the  contact  resistance. 

2.  Experimental  details 

2. 1  Growth  of  vertically  aligned  carbon  nanotube  arrays 

A  layer  of  titanium  was  coated  onto  a  piece  of  quartz  plate  by  using  electron  beam 
evaporation  technique.  Before  the  sputtering  of  iron  catalyst  thin  film,  a  thin  layer  of 
silicon  was  sputtered  onto  the  titanium  layer  in  order  to  prevent  the  iron  catalyst  from 
defusing  into  titanium.  Silicon  and  iron  thin  film  sputtering  processes  were  carried  out  in 
a  RF  magnetron  sputtering  system  with  a  two-inch  magnetron  sputtering  gun.  The 
sputtering  chamber  was  evacuated  to  a  pressure  lower  than  1  x  10 6  torr.  Argon  gas  was 
introduced  into  the  sputtering  chamber  with  a  flow  rate  of  64  seem.  RF  power  was  fed 


into  the  gun  through  a  matching  network  to  generate  a  plasma.  During  sputtering,  the 
vacuum  pressure  in  the  chamber  was  kept  20  mtorr. 

After  the  deposition  of  iron  catalyst  film  onto  the  substrate,  the  sample  was  oxidized 
in  air  at  300°C  for  8  hours.  Thermal  CVD  of  carbon  nanotubes  was  performed  in  a 
vacuum  furnace  filled  with  a  gas  mixture  of  acetylene  and  argon  at  a  pressure  of  70  torr. 
The  flow  rates  for  argon  and  acetylene  were  75  seem  and  20  seem,  respectively.  Before 
the  gas  mixture  was  fed  into  the  furnace,  the  substrate  was  heated  to  700°C  in  vacuum 
and  the  temperature  was  remained  constant  during  the  20  minutes  growth  of  carbon 
nanotubes.  Vertically  aligned  carbon  nanotubes  grew  on  the  substrate  with  a  uniform 
length  about  60  pm.  Shown  in  Figure  1  is  a  SEM  photograph  of  a  vertically  aligned 
carbon  nanotube  coating  on  titanium/silicon  coated  quartz. 

2.2  Characterization  of  moving  contacts  of  carbon  nanotubes  to  metal  electrodes 

An  inch-worm  with  nano-meter  linear  resolution  was  used  to  control  the  position  of  a 
gold  wire  of  25  pm  in  diameter  that  was  perpendicular  to  the  substrate  on  which 
vertically  aligned  carbon  nanotubes  were  grown.  The  gold  wire  was,  in  some 
experiments,  made  into  a  small  loop  so  that  the  gold  wire  was  in  parallel  with  the 
substrate  when  it  was  in  contact  with  the  vertically  aligned  carbon  nanotubes.  A  60  Hz 
AC  voltage  was  applied  through  a  current  limiting  resistor  between  the  gold  wire  and  a 
piece  of  gold  foil,  which  formed  a  low-resistance  contact  to  the  carbon  nanotube 
coatings.  A  multi-channel  oscilloscope  was  applied  to  view  the  waveforms  of  the 
contact  potential,  conducting  current,  and  the  applied  voltage.  Contact  resistance  was 
calculated  by  dividing  the  contact  potential  by  the  current  flowing  through  the  contact.  A 
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schematic  diagram  showing  the  experimental  apparatus  for  the  measurements  is  shown  in 
Figure  2. 

3.  Results  and  discussion 

3.1  Gold  wire  of  25  pm  in  diameter  moving  perpendicularly  to  the  substrate  in  parallel 
with  vertically  aligned  carbon  nanotubes 

A  current  limiting  resistor  of  5  kf>  was  connected  in  series  with  the  metal-carbon 
nanotube  contact  and  a  60Hz  power  supply  was  used  to  apply  a  10  volts  peak-to-peak 
sinusoidal  voltage  across  the  current  limiting  resistor  and  the  contact.  Typical 
waveforms  for  the  voltage  across  the  contact  and  that  for  the  voltages  across  the  current 
limiting  resistor  are  shown  in  Figure  3.  The  voltage  across  the  current  limiting  resistor 
divided  by  the  resistance  equals  to  the  current  flowing  through  the  contact. 

Shown  in  Figure  4-6  are  the  contact  potential,  conducting  current,  and  contact 
resistance  of  a  gold  wire  that  was  inserted  into  a  vertically  aligned  carbon  nanotube 
coating  in  a  direction  with  the  gold  wire  being  in  parallel  with  carbon  nanotubes  and 
perpendicular  to  the  substrate. 

When  the  gold  wire  was  moved  closer  to  the  carbon  nanotube  and  eventually  brought 
in  contact  with  some  of  the  carbon  nanotubes,  the  voltage  across  the  contact  (see  Figure  4 
(triangle  shaped  curve)  )  decreased  rapidly  from  five  volts  to  less  than  one  volt  within  a 
very  short  distance  of  one  or  few  micrometers.  Further  insertion  of  the  gold  wire  into  the 
carbon  nanotube  array  led  the  contact  potential  to  decrease  to  about  0.2  Volts.  While  the 
contact  potential  decreased,  the  conducting  current  (see  Figure  5  (triangle  shaped  curve)) 
increased  from  zero  to  1000  pA,  which  was  limited  by  the  power  supply  voltage  and  the 
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current  limiting  resistor.  The  contact  resistance  (see  Figure  6  (triangle  shaped  curve)) 
decreased  from  more  than  3  kO  to  about  200  Cl. 

When  the  gold  wire  was  pulled  out  from  the  carbon  nanotube  array,  the  conducting 
current  remained  at  1 000  pA  and  the  contact  potential  and  contact  resistance  remained 
low  until  the  tip  of  the  gold  wire  was  pulled  out  up  to  a  position  higher  than  the  top  of  the 
carbon  nanotube  array  as  shown  in  Figure  4  (square  shaped  curve).  When  the  gold  wire 
was  further  pulled  away  from  the  substrate,  the  contact  potential  and  the  contact 
resistance  increased  with  simultaneously  decreasing  of  the  conduction  current  decreased. 
The  contact  resistance  rose  to  around  5  kQ  at  a  position  where  the  tip  of  the  gold  wire 
was  above  the  top  of  the  carbon  nanotube  array  by  about  35  pm.  The  contact  resistance 
then  jumped  to  infinity.  During  this  period  of  measurements,  carbon  nanotubes  attached 
to  the  gold  wire  were  forming  electrical  contact  with  the  carbon  nanotubes  grown  on  the 
substrate  surface.  The  conducting  path  disappeared  either  when  the  carbon  nanotubes 
attached  to  the  gold  wire  broke  or  the  attached  carbon  nanotubes  were  completely  pulled 
away  and  out  of  the  carbon  nanotube  array  causing  the  contact  to  become  an  open  circuit. 

To  test  the  effect  of  current  load  on  contact  resistance,  the  applied  voltage  was 
increased  from  10  volts  peak-to-  to  40  volts  peak-to-peak  with  other  parameters  kept  the 
same.  The  gold  wire  left  inserted  into  the  aligned  carbon  nanotube  was  first  pulled  out 
gradually  while  the  contact  resistance  was  measured.  The  gold  wire  was  pulled  away 
from  the  substrate  until  the  conducting  path  disappeared  and  the  current  became  zero. 
The  gold  wire  was  then  pushed  towards  the  substrate  into  the  aligned  carbon  nanotube. 
The  gold  wire  was  later  pulled  away  from  the  substrate  again.  The  contract  resistance  as 
a  function  of  the  relative  position  of  the  tip  of  the  gold  wire  to  the  top  surface  of  the 
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carbon  nanotube  coating  is  shown  in  Figure  7.  The  contact  resistance  is  about  the  same 
as  that  measured  using  a  10  volt  peak-to-peak  power  supply.  However,  the  low-current 
and  high-resistance  tails  that  show  in  Figure  6  do  not  show  up  in  Figure  7.  It  is  probably 
because  that  the  higher  current  level  and  higher  open  circuit  voltage  across  the  contact 
made  the  high  contact  resistance  state,  where  carbon  nanotubes  attached  to  the  gold  wire 
contacted  carbon  nanotubes  grown  on  the  substrate,  unstable  and  disconnected  the  circuit. 
3.2  A  loop  of  about  1mm  in  diameter  made  of  gold  wire  of  25  pm  in  diameter  moving 
towards  or  away  from  the  substrate 

Shown  in  Figure  8-10  are  the  contact  potential,  conducting  current,  and  contact  resistance 
between  a  loop  of  about  1  mm  in  diameter  made  of  a  gold  wire  of  25  pm  in  diameter, 
which  was  inserted  into  and  made  contact  with  a  vertically  aligned  carbon  nanotube 
coating,  and  the  aligned  CNTs.  The  gold  wire  that  made  the  loop  was  in  a  direction 
perpendicular  to  the  aligned  carbon  nanotubes  and  in  parallel  with  the  surface  of  the 
substrate  when  it  was  moved  towards  or  away  from  the  substrate.  A  current  limiting 
resistor  of  5  kQ  was  connected  in  series  with  the  metal-carbon  nanotube  contact  and  a 
60Hz  power  supply  was  used  to  apply  a  1 0  volts  peak-to-peak  sinusoidal  voltage  across 
the  current  limiting  resistor  and  the  contact. 

When  the  gold  loop  was  moved  close  to  the  carbon  nanotube  coating  and  eventually 
brought  in  contact  with  some  of  the  carbon  nanotubes,  the  voltage  across  the  contact  (see 
Figure  8  (triangle  shaped  curve))  decreased  first  rapidly  from  five  volts  to  three  volts 
within  a  very  short  distance  of  travel  by  one  or  few  micrometers.  Further  insertion  of  the 
gold  loop  into  the  aligned  carbon  nanotubes  led  the  contact  potential  to  gradually 
decrease  to  about  0.4  Volts.  While  the  contact  potential  decreased,  the  conducting 
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current  (see  Figure  9  (triangle  shaped  curve))  increased  from  zero  to  400  pA  rapidly  and 
then  gradually  increased  to  1000  pA,  which  was  the  maximum  value  limited  by  the 
power  supply  voltage  and  the  current  limiting  resistor.  The  contact  resistance  (see  Figure 
10  (triangle  shaped  curve))  decreased  from  more  than  7  kH  to  about  400  Q. 

When  the  gold  loop  was  pulled  away  from  the  aligned  carbon  nanotubes  near  the  top 
surface  of  the  aligned  carbon  nanotubes  coating,  the  conducting  current  decreases 
gradually  from  1 000  pA  while  the  contact  potential  increased  to  five  volts  and  the  contact 
resistance  increased  to  around  8  kQ.  The  contact  resistance  then  jumped  to  infinity  when 
an  open  circuit  was  formed.  When  the  gold  loop  was  pulled  away  from  the  aligned 
carbon  nanotubes,  which  were  oriented  perpendicularly  to  the  gold  wire,  carbon 
nanotubes  did  not  seem  to  attach  to  the  gold  wire  very  well.  The  continuous 
conductivity  after  the  gold  wire  was  pulled  above  the  top  of  the  surface  of  aligned  carbon 
nanotube  coating,  which  was  observed  when  a  gold  wire  was  inserted  and  then  pulled  out 
of  aligned  carbon  nanotubes  as  described  in  the  previous  section,  was  not  observed  in  the 
case  of  a  gold  loop.  With  carbon  nanotubes  aligned  vertically  and  contacted  with  the 
gold  wire  at  about  ninety  degrees,  the  contact  area  between  a  carbon  nanotube  and  the 
gold  wire  was  smaller  than  that  between  a  carbon  nanotube  and  a  gold  wire  aligned  in 
parallel  with  respect  to  each  other.  V arying  of  the  orientation  of  the  gold  wire  with 
respect  to  the  aligned  carbon  nanotubes  caused  the  differences  in  the  contact  resistance 
and  the  capability  for  carbon  nanotubes  to  attach  to  the  gold  wire  and  get  pulled  apart 
from  the  substrate  when  the  gold  wire  or  loop  moved  away  from  the  substrate. 

3.3  Applications  of  a  moving  electrical  contact  between  a  metal  electrode  and  vertically 
aligned  carbon  nanotubes 
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Electrical  contacts  made  of  nanotubes  and  metal  counter-electrodes  may  find 
applications  where  nano-meter  sized  electrical  interconnects  are  needed  for  coupling 
electrical  current  and  potential  between  two  moving  micro-devices.  For  example, 
carbon  nanotubes  can  be  selectively  grown  in  a  pre-designed  pattern  in  desired  areas  on  a 
planar  or  non-planar  substrate,  which  is  made  into  micro-systems  such  as  micro-electro- 
mechanical  systems  (MEMS). 

The  rapid  change  of  contact  potential  and  contact  resistance  with  respect  to  the 
relative  position  and  orientation  of  a  gold  wire  may  be  applicable  as  a  sensor.  When  a 
micro-meter  sized  gold  wire  is  attached  to  a  cantilever  which  responds  to  acceleration, 
pressure,  or  temperature,  a  small  move  of  the  gold  wire  against  a  vertically  aligned 
carbon  nanotube  coating  will  cause  a  large  change  in  the  voltage  across  the  contact 
between  the  gold  wire  and  the  carbon  nanotube  coating  as  well  as  the  contact  resistance. 
This  change  will  serve  as  the  output  of  an  accelerometer,  a  pressure  sensor,  or  a 
temperature  sensor. 

4.  Conclusions 

Electrical  characteristics  of  contacts  between  a  gold  wire  and  vertically  aligned  carbon 
nanotube  coatings  are  reported  and  discussed.  Contact  resistances  ranging  from  200 
to  several  thousands  of  ohms  have  been  measured  when  a  gold  wire  of  25  pm  in  diameter 
was  brought  in  contact  with  vertically  aligned  carbon  nanotube  coatings.  The  gold  wire 
was  allowed  to  move  with  respect  to  the  carbon  nanotube  coating.  If  constant  contact 
resistance  and  contact  potential  are  desirable,  the  relative  position  of  the  gold  wire  with 
respect  to  the  top  surface  of  the  carbon  nanotube  coating  needs  to  be  kept  the  same.  A 
strong  adhesion  of  carbon  nanotubes  to  the  substrate,  a  low  adhesive  force  between 
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carbon  nanotubes  and  the  moving  electrode,  and  a  low  coefficient  of  friction  are  also 
desirable  for  novel  applications  of  carbon  nanotubes  as  an  electrical  contacting  material 
between  two  moving  parts  or  devices.  The  change  of  the  contact  potential  or  contact 
resistance  can  be  applied  as  a  sensing  signal  to  detect  the  displacement  of  a  gold  wire 
electrode  with  respect  to  a  vertically  aligned  carbon  nanotube  coating.  Further  studies 
are  being  carried  out  to  explore  and  optimize  properties  and  applications  of  aligned 
carbon  nanotubes  as  electrical  contacts  for  moving  parts  and  sensing  elements. 
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Fig.2.  Schematic  diagram  of  the  electrical  measurement  setup. 
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four  different  positions  of  the  gold  wire  with  respect  to  the  substrate. 


Fig.  4.  Contact  voltage  across  the  gold  wire  and  the  vertically  aligned  carbon  nanotube 

coating. 


Fig.  5.  Conduction  current  flowing  through  the  contact  between  the  gold  wire  and  the  vertically  aligned 

carbon  nanotube  coating. 
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Fig.  6.  Contact  resistance  between  a  gold  wire  and  a  vertically  aligned  carbon  nanotube 

coating. 
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Fig.  7.  Contact  resistance  between  a  gold  wire  and  a  vertically  aligned  carbon  nanotube 
coating  with  current  load  equal  to  four  times  of  that  shown  in  Figure  6. 
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Fig.  8.  Contact  voltage  across  the  gold  loop  and  the  vertically  aligned  carbon  nanotube 

coating. 


Fig.9.  Conduction  current  flowing  through  the  contact  between  the  gold  loop  and  the 
vertically  aligned  carbon  nanotube  coating. 
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Fig.  10.  Contact  resistance  between  a  gold  loop  and  a  vertically  aligned  carbon  nanotube  coating. 
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Abstract 

Diamond  and  nanodiamond  coatings  were  deposited  on  molybdenum  by  means  of 
microwave  plasma  enhanced  chemical  vapor  deposition  in  vapor  mixtures  that  were  fed 
into  a  CVD  reactor  from  premixed  liquid  solutions  of  methanol  and  ethanol  through  a 
needle  valve  without  the  use  of  hydrogen  carrier  gas  or  any  other  gaseous  additives. 
Molybdenum  electrodes  after  being  coated  with  diamond  or  nanodiamond  showed 
electron  field  emission  characteristics  that  depended  on  the  grain  size,  whether  the 
coating  was  a  continuous  film  or  discrete  particles,  and  the  inclusion  of  non-diamond 
contents  in  the  coating.  Continuous  diamond  films  of  high  quality  required  the  highest 
electric  field  among  all  specimens  for  the  on-set  of  cold  electron  field  emission  compared 
to  discrete  diamond  particles  and  nanodiamond  films  with  high-non-diamond  contents. 
Nanodiamond  coatings  deposited  in  methanol-ethanol  vapor  mixtures  at  elevated 
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substrate  temperatures  allowed  cold  electron  field  emission  at  a  much  lower  electric  field 
than  that  required  for  high  quality  and  well  faceted  diamonds.  The  turn-on  electric  field 
for  field  emission  of  electrons  from  optimized  nanodiamond  coatings  was  measured  to  be 
between  one  and  two  volts  per  micrometer. 

*  Corresponding  author's  e-mail  address:  tzengy@eng.aubum.edu 
Keywords:  CVD,  diamond,  field  emission,  plasma 
1.  Introduction 

Carbon  coatings,  for  example,  diamond,  diamond  like  carbon,  graphite,  and  carbon 
nanotubes,  have  been  studied  extensively  for  applications  to  cold-cathode  electron  field 
emitters  that  desire  cold  electron  emission  at  high  current  densities  and  at  low  electric 
fields  [1-5].  The  voltage  needed  for  electron  emission  from  a  cold  cathode  that  is  placed 
at  a  fixed  distance  from  the  anode  is  lower  when  the  surface  of  the  cathode  has  a  lower 
positive  electron  affinity  or  preferably  a  negative  electron  affinity  (NEA)  and/or  when  the 
field  enhancement  factor  at  the  electron  emission  sites  is  higher. 

Diamond  (111)  surface  with  hydrogen  termination  has  been  reported  to  exhibit 
negative  electron  affinity  and  is  considered  as  one  of  the  promising  cold  cathode 
materials  for  applications  which  require  electron  field  emission  at  low  electric  fields,  and 
excellent  chemical  and  physical  stability  [1].  However,  a  cold  undoped  diamond  of  high 
purity  is  an  electrical  insulator  that  severely  restricts  the  current  density  of  electron 
emission  while  the  hydrogen  termination  on  the  diamond  surface  tends  to  be  altered  by 
the  electron  emission  process  as  well  as  ion  bombardment  to  the  diamond  surface. 

Carbon  nanotube  is  an  excellent  example  that  exhibits  a  very  large  field  enhancement 
factor  favorable  for  cold  cathode  electron  emission  at  a  low  applied  electric  field,  which 
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is  the  applied  voltage  divided  by  the  distance  between  the  cathode  and  the  anode. 
Although  the  work  function  of  carbon  nanotube  is  not  low,  the  aspect  ratio,  which  is  the 
ratio  of  the  effective  length  of  a  carbon  nanotube  to  the  effective  radius  of  curvature  of 
the  tip  of  the  carbon  nanotube,  is  very  high.  High  aspect  ratio  makes  the  local  electric 
field  near  the  tip  of  a  carbon  nanotube  hundreds  of  even  thousands  of  times  higher  than 
the  electric  field  calculated  by  dividing  the  applied  voltage  by  the  distance  between  the 
cathode  and  the  anode.  Some  adsorbates  at  the  tip  of  a  carbon  nanotube  may  also  lead  to 
even  easier  cold  electron  emission  assisted  by  tunneling  mechanisms  [6]. 

Besides  high  purity  diamonds  with  NEA  and  carbon  nanotubes  with  high  field 
enhancement  factors,  many  carbon  coatings  have  been  reported  to  exhibit  good  or 
excellent  cold  electron  field  emission  characteristics  by  means  of  optimized  control  of  the 
nanostructures  of  the  carbon  coatings  as  well  as  the  contents  of  sp  versus  sp  and  non¬ 
carbon  elements  in  the  coatings  [7-12], 

Recent  efforts  in  diamond  film  synthesis  aiming  at  electron  field  emitters  with  low 
turn-on  electric  fields  as  well  as  high  emission  current  densities  are  focused  mainly  on  (i) 
the  fabrication  of  diamond  films  with  morphology  or  shapes  which  give  local  electric 
field  enhancements  [13-14],  (ii)  surface  modification  of  diamond  films  to  achieve  a 
negative  electron  affinity,  or  at  least  a  low  positive  electron  affinity  [15-16],  (iii)  inducing 
defects  into  the  bulk  of  diamond  or  onto  the  surface  of  diamond  films  to  help  with 
electron  injection  through  the  diamond  film  and  from  the  surface  of  diamond  into 
vacuum  [17-18],  and  (iv)  varying  the  content  of  sp2  in  the  diamond  film  in  order  to 
generate  conductive  path  for  electrons,  or  to  form  “internal”  field  enhancement  in  the 
diamond  film  [19-20]. 
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Diamond,  nanodiamond,  and  diamond-like  carbon  films  have  been  deposited  by 
means  of  chemical  vapor  deposition  (CVD)  assisted  by  various  energy  sources  in 
addition  to  thermal  excitation.  DC,  RF,  and  microwave  plasmas  as  well  as  laser 
illumination  have  all  been  demonstrated  to  be  effective  in  creating  suitable  chemical, 
physical  conditions  for  diamond,  nanodiamond,  and  diamond-like  carbon  deposition. 
Methane,  among  other  hydrocarbons,  and  organic  solvents,  is  the  most  commonly  used 
carbon  source  for  the  growth  process  while  hydrogen  gas  is  usually  the  major  feedstock 
for  carbon  chemical  vapor  deposition  that  aims  at  achieving  high  crystalline  quality  of 
diamond  [2] [5] [21]. 

Most  diamond  CVD  processes  involve  the  use  of  hydrogen  or  some  gaseous 
feedstock  that  is  stored  as  a  compressed  gas  at  ambient  temperature.  We  reported  a 
diamond  CVD  process  using  a  methanol  pre-mixed  liquid  solution  alone  without 
intentionally  added  water  as  the  feedstock  for  the  deposition  of  high-quality  diamond 
films  [22-23].  In  the  paper,  results  will  be  presented  from  the  methanol  based  CVD 
process  that  has  been  altered  in  order  to  deposit  diamond  and  diamond-like  carbon 
coatings  ranging  from  diamond  to  highly  graphitic  carbon  coatings  for  the  purpose  of 
achieving  a  high-performance  cold  cathode  electron  emitter.  Scanning  electron 
microscopy  and  Raman  spectroscopy  were  used  to  correlate  the  morphology  and 
crystalline  quality  of  the  CVD  diamond  and  diamond-like  films  with  electron  field 
emission  characteristics. 

2.  Experimental  details 
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CVD  process  was  carried  out  by  the  assistance  of  a  microwave  plasma  in  a  vapor 
mixture  of  methanol  and  ethanol.  The  ratio,  by  weight,  of  methanol  to  ethanol,  the 
microwave  power,  the  vapor  pressure,  and  the  substrate  temperature  were  varied  in  order 
to  deposit  carbon  coatings  ranging  from  high-quality  diamond  crystals  and  films  to 
nanodiamonds  as  well  as  highly  graphitic  carbon  deposits. 

A  dual  color  optical  pyrometer  was  used  to  measure  the  substrate  temperature  as  well 
as  determine  the  termination  time  for  the  deposition  process  in  order  to  obtain  a  coating 
with  either  discrete  particles  or  a  continuous  film.  The  interference  between  the  incident 
light  and  the  reflected  light  through  the  growing  carbon  deposits  from  the  substrate 
results  in  the  dual  color  optical  pyrometer  reading  oscillating  in  time.  The  oscillating 
readout  started  when  deposits  are  still  in  the  form  of  discrete  particles  or  an  incomplete 
film  with  many  voids  before  a  continuous  carbon  film  is  finally  formed.  Adjusting  the 
growth  time  by  counting  the  number  of  cycles  or  a  fraction  of  a  cycle  of  the  oscillation  of 
the  dual-color  pyrometer  readout,  diamond  or  nanodiamond  coatings  in  the  form  of  either 
discrete  particles  or  a  continuous  film  of  pre-determined  thickness  were  obtained.  Figure 
1  shows  a  typical  pyrometer  readout  plotting  recorded  by  a  chart  plotter. 

The  effect  of  C/O  ratio  in  the  feedstock  was  studied  by  varying  the  ratio  of  methanol 
to  ethanol  in  the  pre-mixed  liquid  solution  used  as  the  feedstock  for  carbon  deposition. 
Power  density  of  the  microwave  plasma  was  varied  and  used  to  deposit  carbon  coatings 
at  elevated  substrate  temperatures.  Two-step  nucleation  and  growth  processes  were  also 
applied  to  first  achieve  high  nucleation  density  by  a  lower  power-density  microwave 
plasma  followed  by  a  higher  power-density  microwave  plasma  at  a  higher  vapor  pressure 
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for  altering  the  crystalline  properties  and  graphitic/diamond  contents  of  the  deposited 
carbon  coatings. 

Polished  molybdenum  plates  were  used  as  the  substrates  and  were  put  onto  a  water- 
cooled  substrate  holder  after  having  been  seeded  with  diamond  by  rubbing  the  substrates 
with  diamond  paste.  The  substrate  temperature  was  monitored  by  a  dual  color  optical 
pyrometer  with  its  readout  being  plotted  using  a  chart  recorder. 

Microwave  plasma  CVD  diamond  and  diamond-like  films  were  investigated  by 
scanning  electron  microscopy  and  Raman  spectroscopy. 

Raman  spectroscopy  is  a  powerful  method  in  the  examination  of  synthetic  carbon 
coatings.  It  can  characterize  not  only  the  quality  of  the  deposited  carbon  films,  but  the 
contents  of  various  carbon  phases  quantitatively.  In  case  of  CVD  diamond,  a  number  of 
Raman  features  can  be  used  to  investigate  the  deposited  carbon  films.  The  full  width  at 
half  maximum  (FWHM)  at  1332  cm'1  reveals  the  impurity  level  and  crystalline  quality  of 
a  diamond  [24-26].  The  intensities  of  the  sp2-bonded  carbon  bands  can  also  be  compared 
to  that  of  the  diamond  peak.  Typical  sp2-bonded  bands  include  (i)  1580  cm  *,  which  is  the 
signature  of  crystalline  graphite;  (ii)  1550  cm"1,  which  is  referred  as  "G’  band;  (iii)  1350 
cm'1,  which  is  the  signature  of  microcrystalline  graphite  and  also  referred  as  ‘D’  band 
stands  for  ‘distorted  band’;  and  (iv)  1450-1500  cm'1,  which  is  considered  as  signal  for 
amorphous  carbon  [25].  In  this  paper,  an  argon  laser  source  was  used  to  illuminate 
perpendicularly  the  carbon  films.  Raman  spectra  from  880  cm1  to  1840  cm1  were 
recorded. 

Electron  field  emission  measurements  were  carried  out  in  a  high-vacuum  chamber 
pumped  to  the  order  of  10'7  torr.  Diamond  samples  were  put  into  the  chamber  against  a 
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flat  counter-electrode.  The  distance  between  the  anode  and  cathode  was  kept  by  an 
electrically  insulating  spacer,  such  as  a  glass  cover  sheet,  with  a  known  thickness.  A  DC 
power  supply  was  used  to  apply  electric  field  between  the  electrodes.  The  electron 
emission  current  was  measured  by  a  pico-ammeter  and  recorded  using  a  computer,  which 
controlled  both  the  power  supply  and  the  ammeter.  Correlations  among  CVD  conditions, 
characteristics  of  the  deposits,  and  electron  field  emission  performance  were  obtained  and 
analyzed. 

3.  Results  and  discussion 

The  effects  of  C/O  ratio  on  the  characteristics  of  carbon  deposits  and  electron  field 
emission  were  studied  by  selecting  microwave  power  and  vapor  pressure  so  as  to  keep 
the  substrate  temperature  around  800°C  while  varying  the  ratio  of  methanol  to  ethanol  by 
weight  in  the  pre-mixture  liquid  feedstock.  Figure  2  shows  the  SEM  photographs  for 
carbon  coatings  obtained  with  the  ratio  of  methanol  to  ethanol  by  weight  being  100:0  or 
100:30.  The  growth  time  was  two  hours.  Figure  3  and  Figure  4  show  the  Raman  spectra 
and  the  electron  field  emission  current-electric  field  (I-E)  plots  for  samples  corresponding 
to  the  ratio,  by  weight,  of  methanol  to  ethanol  of  (a)  100:0,  (b)  100:5,  (c)  100:30,  and  (d) 
0:100,  respectively.  The  growth  time  was  two  hours  for  (a)  to  (c)  and  30  minutes  for  (d). 

For  the  aforementioned  growth  time,  SEM  photographs  indicate  that  the  growth  rate 
of  the  carbon  coating  increases  with  increasing  ethanol  concentration  in  the  methanol 
based  feedstock.  Coatings  deposited  without  adding  ethanol,  that  is,  with  a  100% 
methanol  plasma,  contain  discrete  particles  instead  of  continuous  films.  The  diamond 
film  deposited  in  the  plasma  with  a  ratio,  by  weight,  of  methanol  to  ethanol  being  100:30 
shows  a  continuous  coating.  The  carbon  coating  obtained  with  methanol-to-ethanol  ratio 


7 


of  100:30  exhibits  the  best  electron  emission  behavior,  among  all  carbon  coatings 
deposited  at  around  800°C  in  terms  of  a  low  on-set  electric  field  and  a  high  electron 
emission  current  density. 

A  sharp  diamond  peak  at  around  1330  cm'1  is  observed  in  the  Raman  spectrum  for  the 
diamond  deposits  obtained  from  100%  methanol  feedstock.  A  broad  band  around  1520 
cm’1  is  also  observed.  This  feature  is  a  demonstration  of  sp2  clusters  [27],  and  can  be 
considered  the  mixture  of  the  Raman  band  of  nanocrystalline  sp2  content,  which  is  a 
doublet  near  1500  cm"1  [28],  and  the  downshifting  of  crystalline  graphite  G  band  from 
1550  cm'1  to  1525-1528  cm'1  [29].  With  increasing  ethanol  concentration,  the  diamond 
peak  becomes  less  intensive  while  the  intensity  of  sp2-bonded  broad  band  increases  in 
intensity  and  the  diamond  peak  is  not  detectable  when  the  methanol  to  ethanol  ratio  is 
0:100. 

A  wide  and  low-intensity  band  around  1140  cm’1,  which  resulted  from  small  grain- 
size  (<5  nm)  a-diamond  [19],  can  also  be  found  in  some  of  the  spectra.  By  applying  the 
nanocrystalline  diamond  model  proposed  by  Obraztsova  et  al.  [19],  the  grain  sizes  of 
sample  (a),  (b)  and  (c)  are  in  the  range  of  micro-crystalline  (>50  nm).  The  less  intense 
diamond  peak  and  the  broadening  of  sp2  band  in  the  Raman  spectra  of  sample  (b)  and  (c) 
indicate  that  the  grain  sizes  of  sample  (b)  and  (c)  are  smaller  than  that  of  sample  (a).  The 
Raman  spectrum  of  sample  (d)  matches  that  of  the  CVD  nanocrystalline  diamond  films, 
indicating  that  the  grain  size  of  diamond  film  deposited  with  100%  ethanol  is  less  than  10 
nm. 

Among  carbon  coatings  deposited  at  around  800°C,  the  coating  shown  in  Figure  4(c) 
exhibits  the  best  electron  field  emission  behaviors  in  terms  of  a  low  onset  electric  field 
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and  a  high  electron  emission  current  density.  The  nanocrystalline  diamond  film  shown  in 
Figure  4(d),  although  having  a  high  density  of  non-diamond  contents  and  a  large  number 
of  smaller  grains  and  grain  boundaries,  did  not  exhibit  any  advantage  in  electron  field 
emission  over  other  specimens  with  larger  gain  sizes. 

High  substrate  temperature  is  in  favor  of  the  growth  of  graphitic  or  non-diamond 
phases  in  the  carbon  coatings.  In  the  following  discussion,  carbon  coatings  were 
obtained  at  elevated  substrate  temperatures  by  increasing  the  microwave  power  and  vapor 
pressure.  The  experiments  were  carried  out  by  first  using  a  mixture  of  methanol  and 
ethanol  with  a  ratio,  by  weight,  of  100:10  as  the  feedstock.  The  substrate  temperature, 
which  was  measured  by  a  dual-color  optical  pyrometer,  was  1270°C.  After  18  minutes 
of  deposition,  there  was  no  carbon  coating  on  the  substrate.  Because  of  the  high  oxygen 
content  in  the  methanol/ethanol  mixture,  the  etch  rate  of  carbon  by  oxygen  containing 
plasma  at  such  a  high  temperature  suppressed  the  nucleation  and  deposition  of  carbon  on 
the  substrate  surface. 

Thus,  a  two-step  CVD  process  was  carried  out  to  obtain  carbon  deposition  at  elevated 
substrate  temperatures  in  the  environment  of  methanol  and  ethanol  vapor  mixtures.  In 
the  first  step,  microwave  power  and  vapor  pressure  were  selected  to  generate  a  plasma 
that  heats  the  substrate  to  a  temperature  around  900°C  in  order  to  achieve  nucleating  and 
coating  on  the  substrate  with  carbon  deposits.  Microwave  power  and  vapor  pressure  were 
later  increased  to  1800  watt  and  70  torr,  respectively,  to  allow  the  carbon  deposits  to 
grow  in  size  and  thickness.  In  the  second  step,  the  substrate  temperature  was  monitored 
by  a  dual-color  optical  pyrometer,  and  the  growth  time  was  controlled  by  counting  the 
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cycles  of  oscillation  of  the  pyrometer  readouts.  Typically  the  deposition  was  terminated 
after  the  pyrometer  readouts  had  shown  one  and  a  half  cycles  of  oscillation. 

Figure  5  shows  the  SEM  photographs  for  carbon  coatings  deposited  by  the  two-step 
process.  The  methanol-to-ethanol  ratio,  by  weight,  was  100:10,  50:50,  and  30:60, 
respectively.  Figure  6  and  Figure  7  show  Raman  spectra,  and  electron  field  emission  I-E 
curves  for  carbon  coatings  deposited  with  methanol-to-ethanol  ratio,  by  weight,  being  (a) 
100:10,  (b)  60:30,  (c)  50:50,  (d)  30:60,  and  (e)  0:100,  respectively.  The  nucleation 
time/growth  time,  in  minutes,  was  (a)  30/25,  (b)  20/9,  (c)  25/8,  (d)  7/9,  and  (e)  14/7, 
respectively.  The  maximum  substrate  temperature  measured  during  the  nucleation  step 
were  about  900°C.  The  substrate  temperature  measured  during  the  growth  step  was  in  the 
range  of  1200-1400°C. 

Additional  experiments  were  carried  out  with  the  same  two-step  process  using  100% 
methanol  as  the  feedstock.  There  were  no  coatings  after  a  relatively  long  nucleation  step 
of  50  minutes.  With  a  high  concentration  of  oxygen  in  the  plasma  at  an  elevated  substrate 
temperature,  the  etch  rate  of  oxygen  radicals  for  carbon  deposits  is  too  high  for  carbon 
deposition  under  these  CVD  conditions. 

Among  the  measured  electron  field  emission  I-E  characteristics,  the  carbon  coatings 
obtained  with  the  ratio  of  methanol  to  ethanol  equal  to  50:50  and  60:30  exhibit  the  best 
electron  field  emission  behaviors  in  terms  of  the  low  onset  electric  field  and  the  high 
emission  current  density.  Electron  field  emission  was  somewhat  less  efficient  from 
carbon  coatings  obtained  with  methanol  to  ethanol  ratios  of  30:60  and  0:100.  The  sample 
with  methanol  to  ethanol  ratios  of  100:10  has  the  worst  electron  field  emission 
characteristics. 
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The  Raman  spectrum  for  the  carbon  coating  shown  in  Figure  6(a)  includes  a  sharp 
diamond  peak  at  1334  cm'1,  indicating  a  large  content  of  good  quality  diamond  in  the 
film.  With  increasing  ethanol  concentration  in  the  liquid  mixture,  the  diamond  peak 
becomes  wider  and  less  intense  (see  sample  6  (b))  and  finally  disappears  (see  sample  6 
(c)  and  6  (d)).  At  the  same  time,  the  band  with  a  maximum  at  around  1344-1347  cm'1 
emerges  while  the  intensity  of  the  band  near  1580  cm'1  increases.  These  two  bands  are 
believed  to  correspond  to  D  band  and  graphite  peak,  respectively.  This  trend  indicates 
that  the  deposited  carbon  coating  becomes  more  graphitic  as  the  ethanol  concentration  in 
the  liquid  mixture  increases.  The  graphite  peak  at  1580  cm'1  becomes  stronger  and  finally 
exceeds  the  D  band  as  shown  in  the  Raman  spectrum  of  sample  6  (d),  indicating  that  the 
carbon  coating  (sample  6  (d))  contains  a  high  content  of  graphitic  carbon. 

Aforementioned  results  and  discussion  can  be  summarized  as  follows.  Firstly,  grain 
sizes  of  the  carbon  films  deposited  at  elevated  substrate  temperatures  are  larger 
comparing  with  those  of  films  deposited  at  lower  temperatures  as  indicated  by  the 
disappearing  of  a-diamond  band  at  1140  cm"1.  Secondly,  with  increasing  ethanol 
concentration,  the  volume  ratio  of  sp3-bonded  contents  to  that  of  sp2-bonded  ones 
decreases  as  indicated  by  the  widening  of  diamond  peak  as  well  as  the  increasing 
intensity  of  the  sp2-bonded  bands.  The  O/C  ratio  decreases  with  increasing  ethanol 
concentration  in  the  liquid  mixture  and  selective  etching  of  sp2  contents  by  oxygen 
radicals  in  the  plasma  becomes  less  effective. 

4.  Conclusions 

At  substrate  temperatures  around  800°C,  CVD  diamond  and  nanodiamond  films  with 
grain  sizes  ranging  from  tens  of  micrometer  to  tens  of  nanometer  were  deposited.  The 
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higher  the  ethanol  concentration  was  in  the  methanol/ethanol  liquid  mixture,  the  smaller 
the  grain  sizes  of  the  deposited  films  were,  and  the  higher  concentration  of  sp2-bonded 
contents  the  deposited  films  contained.  Higher  C/O  ratio  with  increasing  ethanol 
concentration  made  the  oxygen  concentration  in  the  plasma  lower  with  respect  to  carbon 
and  the  selective  etching  of  sp2-bonded  contents  in  the  deposited  coating  by  oxygen 
radicals  less  effective.  Electron  field  emission  was  not  improved  by  making  grain  sizes 
smaller  and  concentration  of  sp2  contents  higher  in  the  CVD  carbon  films  deposited  at 
around  800°C  using  mixtures  of  methanol  and  ethanol  as  the  feedstock. 

At  elevated  substrate  temperatures  above  1000°C,  little  nucleation  of  diamond  and 
other  carbons  on  the  substrate  occurred.  A  low  temperature  nucleation  step  was 
necessary  before  a  higher  temperature  growth  step.  With  increasing  ethanol  concentration 
in  the  liquid  mixture,  the  deposited  carbon  films  became  increasingly  graphitized.  The 
electron  field  emission  behaviors  measured  from  the  carbon  coatings  deposited  at 
elevated  temperatures  are  much  better,  in  terms  of  low  on-set  electric  field  and  high 
electron  emission  current  density,  than  those  from  carbon  films  deposited  at  low 
temperatures.  Although  increasing  the  concentration  of  sp2-bonded  contents  in  carbon 
films  deposited  at  low  temperatures  around  800°C  did  not  improve  significantly  the 
electron  field  emission  behaviors,  carbon  films  that  were  deposited  at  elevated  substrate 
temperatures  and  exhibited  much  better  electron  field  emission  behaviors  did  contain 
higher  sp2 -bonded  contents  than  those  carbon  films  deposited  at  low  temperatures. 
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Fig.  1 .  An  example  of  the  optical  pyrometer  readout  plotted  by  a  chart  recorder  during  a 
CVD  diamond  process.  The  readout  oscillated  for  approximately  one  cycle  in  this 

example. 
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Fig.  2.  Scanning  electron  microscopy  photographs  of  CVD  diamond  samples  deposited  in 


microwave  plasmas  with  methanol  to  ethanol  ratio  by  weight  of  (a)  100:0  and  (b)  100:30 
at  substrate  temperature  of  800°C.  Growth  time  was  2  hours. 
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Fig.  3.  Raman  spectra  of  CVD  diamond  samples  deposited  in  microwave  plasmas  with 
methanol  to  ethanol  ratio  by  weight  of  (a)  100:0,  (b)  100:5,  (c)  100:30,  and  (d)  0:100  at 
substrate  temperature  of  800°C.  Growth  time  were  (a-c)  2  hours  and  (d)  30  minutes, 

respectively. 
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Fig.  4.  Electron  field  emission  I-E  characteristics  of  CVD  diamond  samples  deposited  in 
microwave  plasmas  with  methanol  to  ethanol  ratio  by  weight  of  (a)  100:0  (dots),  (b) 
100:5  (squares),  (c)  100:30  (circles),  and  (d)  0:100  (plus  signs)  at  substrate  temperature 
of  800°C.  Growth  times  were  (a-c)  2  hours  and  (d)  30  minutes,  respectively. 
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Fig.  5.  Scanning  electron  microscopy  photographs  of  CVD  diamond  samples  deposited 
using  a  two-step  process  in  microwave  plasmas  with  methanol  to  ethanol  ratio  by  weight 
of  (a)  100:10,  (b)  50:50,  and  (c)  30:60,  respectively. 
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Fig.  6.  Raman  spectra  of  CVD  diamond  samples  deposited  using  a  two-step  process  in 
microwave  plasmas  with  methanol  to  ethanol  ratio  by  weight  of  (a)  100:10,  (b)  60:30,  (c) 

30:60,  and  (d)  0:100,  respectively. 
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Fig.  7.  Electron  field  emission  I-E  characteristics  of  CVD  diamond  samples  deposited 
using  a  two-step  process  in  microwave  plasmas  with  methanol  to  ethanol  ratio  by  weight 
of  (a)  100:10  (dots),  (b)  60:30  (triangles),  (c)  50:50  (circles),  (d)  30:60  (plus  signs),  and 
(e)  0:100  (squares),  respectively.  The  nucleation/growth  time  in  minutes  were  (a)  30/25, 
(b)  20/9,  (c)  25/8,  (d)  7/9,  and  (e)  14/7,  respectively. 
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ASTRACT 

Deposition  of  carbon  films  including  nanotubes  as  well  as  brazing  of  high-quality  single  wall  carbon  nanotubes, 
that  were  pre-synthesized  by  other  means,  on  iron  electrodes  as  electron  field  emitters  are  reported.  Microwave 
plasmas  in  vapor  mixtures  of  methanol-based  liquid  solutions  were  applied  to  fresh  iron  electrodes  for  carbon  and/or 
carbide  deposition.  In  another  application,  microwave  plasmas  were  used  to  heat  iron  electrodes  to  its  iron-carbon 
eutectic  point  around  1 150°C  so  that  single  wall  carbon  nanotubes  that  were  placed  on  the  iron  surface  reacted  with 
iron  to  form  low  resistance  nanotube-electrode  contacts.  Electron  field  emission  characteristics  of  iron  electrodes 
treated  by  plasma  enhanced  chemical  vapor  deposition  as  well  as  plasma  brazed  carbon  nanotubes  on  iron  electrodes 
will  be  presented. 

Keywords:  methanol,  microwave  plasma,  electron  emission,  carbon  nanotubes,  brazing 

INTRODUCTION 

Cold  and/or  low-temperature  low-electric-field  electron  emitters  have  been  studied  by  a  large  number  of 
scientists  and  technologists  because  of  their  economic  advantages  and  very  attractive  performance  for  many 
commercial  as  well  as  special  applications.  Devices  ranging  from  high-power  microwave  vacuum  tubes  to  flat  panel 
displays  for  computer  monitors  all  require  electron  emitters  that  are  fast,  operating  at  low  temperatures,  with  high 
and  stable  emission  current  densities  at  low  electric  fields. 

A  number  of  materials  and  structures  have  been  studied  and  reported  in  an  attempt  to  achieve  high-performance 
cold  cathodes.  The  most  effective  means  of  achieving  this  goal  are  the  fabrication  of  micro-  or  nano-structures  that 
exhibit  a  very  high  aspect  ratio  and  the  design  and  synthesis  of  coatings  with  low  positive  or  even  negative  electron 
affinities.  The  high  aspect  ratio,  for  example,  a  micrometer  long  carbon  nanotube  with  a  nanometer  radius  of 
curvature  at  its  tip,  allows  electric  field  enhancement  to  occur  at  the  tip  of  the  electron  emitter  so  that  low  voltage 
will  be  adequate  to  cause  field  emission  of  electrons  from  the  tip  of  the  emitter.  Negative  electron  affinity  allows 
electrons  to  escape  from  a  solid  surface  to  the  vacuum  without  needing  additional  forces  or  energy.  For  example, 
diamond  with  proper  surface  terminations  has  been  explored  for  cold  cathode  applications  based  on  its  negative 
electron  affinity.  There  are  a  good  collection  of  references  in  the  Proceedings  of  ADC/FCT  ’99  (ref.  1)  about 
various  efforts,  materials,  and  structures  aiming  at  high-performance  electron  field  emitters. 

Several  projects  have  been  explored  in  the  past  by  our  research  group  in  collaboration  with  scientists  in  the 
related  field.  CVD  diamond  and  carbon  nanotubes  were  synthesized  and  characterized  for  their  electron  field 
emission  behaviors  (refs  2-10).  In  an  effort  to  achieve  carbon  nanotube  electron  field  emitters  for  high  current 
density  and  stable  electron  emission  applications,  high  quality  carbon  nanotubes  may  be  synthesized  separately  and 
then  attached  to  an  electrode  forming  low  contact  resistance  and  strong  mechanical  strength  or  be  directly  deposited 
onto  a  selected  electrode.  In  this  paper,  iron  electrodes  were  used  because  iron  serves  as  an  effective  catalyst  for 
carbon  nanotube  growth  as  well  as  forms  good  contacts  with  carbon  materials  at  its  iron-carbon  eutectic  temperature 
around  1150°C,  which  is  well  below  the  melting  point  of  iron,  so  that  the  electrode  remains  as  a  solid  at  the 
fabrication  temperature  (ref.  11). 
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Diamond  deposition  in  vapor  mixtures  of  methanol-based  liquid  solutions  was  reported  in  ADC/FCT  ’99  (refs. 
12,13).  In  this  paper,  microwave  plasmas  in  vapor  mixtures  of  methanol  and  ethanol  were  applied  to  deposit  nano- 
structured  carbon  coatings  on  iron  electrodes  using  iron  as  a  catalyst.  High-power  density  microwave  plasmas  in  a 
vapor  of  methanol  and  ethanol  were  also  used  to  heat  and  braze  single  wall  carbon  nanotubes  onto  iron  electrodes. 


EXPERIMENTAL 

The  experimental  apparatus  is  shown  in  Figure  1.  A  mixture  of  methanol  and  ethanol  was  fed  into  a  vacuum 
chamber  that  was  evacuated  by  a  mechanical  pump.  A  throttle  valve  and  a  manometer  pressure  gauge  controlled  the 
chamber  gas  pressure.  A  rod  antenna  was  used  to  couple  microwave  power  from  a  rectangular  waveguide  into  a 
cylindrical  metal  cavity  through  a  quartz  window  that  separated  the  atmosphere  from  the  vacuum  chamber. 


metahnol~ba  sed 


The  microwave  power  formed  a  plasma  ball  on  the  top  of  the  substrate.  Electrons  in  the  plasma  have  very  high 
temperatures  exceeding  10,000°C.  The  plasma  heated  the  substrate  to  a  preset  temperature  as  well  as  heated  the  gas 
mixtures  for  proper  dissociation  and  reaction  in  the  gas  phase  leading  to  carbon  deposition  on  the  substrate  surface. 
Iron  from  the  substrate  itself  was  used  as  the  catalyst  for  the  carbon  coatings. 

In  the  case  of  brazing  of  carbon  nanotubes  onto  iron  electrodes,  single  wall  carbon  nanotubes  suspended  in  a 
liquid  solution  was  applied  to  the  surface  of  an  iron  electrode.  The  iron  electrode  with  carbon  nanotubes  on  it  was 
used  as  the  substrate  to  be  exposed  to  the  microwave  plasma  in  a  mixture  of  methanol  and  ethanol.  The  substrate 
temperature  was  monitored  by  a  dual-color  optical  pyrometer. 

The  carbon  nanotube  coated  substrates  were  then  loaded  into  a  high  vacuum  chamber.  Thin  quartz  plates  were 
used  as  spacers  between  an  anode  and  the  iron  electrode,  which  serves  as  the  cathode.  A  desktop  computer 
controlled  the  output  of  a  high-voltage  power  supply  for  applying  a  voltage  between  the  anode  and  the  cathode.  The 
electric  field  is  calculated  by  dividing  the  applied  voltage  by  the  gap  spacing  between  the  anode  and  the  cathode. 

The  electron  emission  current  was  measured  by  a  digital  ammeter  and  recorded  by  the  computer  for  further  plotting 
and  calculation. 
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RESULTS  AND  DISCUSSION 


Microwave  plasmas  in  methanol-based  vapor  mixtures  with  a  low  percentage  of  ethanol  additives  are  very 
oxidizing  and  can  etch  carbon  nanotubes  rapidly  at  elevated  temperatures.  Carbon  nanotubes  placed  on 
molybdenum  electrodes  were  etched  away  after  exposing  to  microwave  plasma  in  a  vapor  from  a  solution  of  98% 
methanol  and  2%  ethanol  by  weight  at  1250°C  for  a  few  minutes.  In  the  case  of  iron  electrodes,  carbon  nanotubes 
dissolved  into  the  iron  electrode  at  a  temperature  above  its  iron-carbon  eutectic  temperature  in  addition  to  being 
etched  away  by  the  plasma. 

Shown  in  Figure  2  is  the  electron  field  emission  current-electric  field  (I-E)  characteristics  for  an  iron  electrode 
with  carbon  nanotube  on  it  before  being  exposed  to  the  aforementioned  microwave  plasma  for  five  minutes.  The 
field  emission  turn-on  electric  field  shows  a  value  above  one  volt  per  micrometer,  indicating  that  the  electron  field 
emission  is  not  caused  by  carbon  nanotube  originally  placed  on  the  iron  electrode.  Indeed,  what  is  shown  in  Figure  3 
is  a  similar  I-E  curve  for  an  iron  electrode  without  carbon  nanotubes  being  put  on  the  top  before  being  exposed  to  the 
same  plasma  for  the  same  period  of  time.  SEM  images  of  these  two  specimens  show  some  sub-micrometer 
structures  on  the  iron  surface  that  are  assumed  to  be  responsible  for  the  measured  electron  field  emission 
characteristics. 


Figure  2.  I-E  curve  for  an  iron  electrode  after  being  exposed  to  a  microwave  plasma  at  1250C  for  five 
minutes.  The  iron  electrode  had  carbon  nanotube  placed  on  it  before  being  exposed  to  the  plasma. 
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Using  a  liquid  solution  with  25%  by  volume  of  ethanol  in  75%  by  volume  of  methanol,  a  microwave  plasma  was 
applied  to  an  iron  electrode  without  pre-synthesized  carbon  nanotubes  on  it  at  600°C  for  two  hours  at  a  pressure  of 


Figure  3.  I-E  curve  for  an  iron  electrode  after  being  exposed  to  a  microwave  plasma 

at  1250C  for  five  minutes. 


Figure  4.  I-E  curve  for  an  iron  electrode  after  being  exposed  to  a  microwave  plasma  in  25%  ethanol  and 
75%  methanol  (by  volume)  at  600C  for  2  hours. 
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10  Torn  The  turn-on  electric  field  shown  in  Figure  4  for  the  plasma  treated  iron  electrode  was  measured  to  be 
slightly  less  than  one  volt  per  micrometer.  With  25%  by  volume  of  ethanol  in  the  liquid  solution,  the  carbon  to 
oxygen  ratio  was  sufficiently  high  to  cause  the  coatings  on  the  fresh  iron  electrode,  which  led  to  the  low  electric  field 
electron  field  emission. 

Single  wall  carbon  nanotubes  have  excellent  electron  field  emission  properties.  Although  it  has  also  been 
reported  that  single  wall  carbon  nanotubes  can  be  deposited  on  substrates  directly,  it  is  desirable  to  be  able  to 
optimize  the  production  process  for  single  wall  carbon  nanotubes  independently  while  the  coating  process  for 
placing  single  wall  carbon  nanotubes  on  electrodes  is  separately  optimized  as  well.  Brazing  of  high  quality  single 
wall  carbon  nanotubes  to  selected  electrodes  to  form  a  pre-set  pattern  or  structure  may  be  the  best  strategy. 

Using  a  liquid  solution  with  25%  (by  volume)  of  ethanol  in  methanol,  an  iron  electrode  that  had  single  wall 
carbon  nanotubes  placed  on  its  surface  was  exposed  to  a  microwave  plasma  at  60  Torr.  The  greenish  plasma  heated 
the  iron  electrode  rapidly  to  reach  above  its  eutectic  temperature  within  a  little  more  than  one  minute.  A  dual-color 
optical  pyrometer  was  applied  to  monitor  the  iron  temperature.  The  plasma  was  turned  off  when  the  iron 
temperature  reached  1 160°C,  which  is  slightly  above  the  iron-carbon  eutectic  temperature.  Shown  in  Figure  5  is  the 
I-E  characteristics  for  the  carbon  nanotubes  brazed  onto  the  iron  electrode.  A  very  low  electron  field  emission  was 
measured  at  macroscopic  electric  field  of  less  than  0.5  volt  per  micrometer. 


Figure  5.  I-E  curve  for  an  iron  electrode  with  single  wall  carbon  nanotubes  eutectically  brazed  on  it  by 
exposing  to  a  microwave  plasma  in  25%  ethanol  and  75%  methanol  (by  volume)  until  the  electrode 

temperature  reached  1160C. 


CONCLUSIONS 

Methanol-based  microwave  plasmas  were  applied  to  deposit  carbon  coatings  on  iron  electrodes  as  well  as 
brazing  pre-synthesized  single  wall  carbon  nanotubes  onto  iron  electrodes  at  temperatures  near  the  iron-carbon 
eutectic  temperature.  By  means  of  iron-carbon  eutectic  brazing,  electron  field  emitters  are  suitable  for  high  current 
density  electron  emission  applications  in  which  carbon  nanotubes  may  be  heated  to  high  temperatures  by  the 
emission  current.  The  brazing  process  also  allows  the  single  wall  carbon  nanotubes  to  be  produced  by  processes  that 
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are  not  restricted  by  the  coating  process,  making  it  possible  for  achieving  the  best  performance  of  electron  emitters 
based  on  carbon  nanotubes. 
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ABSTRACT 

Hysteresis  of  emission  current-electric  field  (I-E)  characteristics  of  single  walled  carbon  nanotubes  brazed  on 
iron  substrates  by  TiCuAg  alloy  is  studied.  Different  behaviors  of  the  I-E  hysteresis  with  the  substrate  being  held  at 
room  temperature  and  that  with  the  substrate  being  heated  to  an  elevated  temperature  were  measured.  At  room 
temperature,  the  descending  I-E  curve  was  below  the  ascending  I-E  curve  indicating  that  tunneling  electron  emission 
enhanced  by  chemisorbed  molecules  on  the  surface  of  the  cool  carbon  nanotube  when  the  emission  current  first 
started  during  the  ascending  cycle  sifts  the  I-E  curve  to  the  upper  left.  The  burn-out  of  defective  or  taller  carbon 
nanotubes  may  also  cause  the  descending  I-E  curve  to  shift  to  the  lower  right.  Both  mechanisms  may  contribute  to 
the  measured  I-E  hysteresis.  On  the  other  hand,  the  I-E  hysteresis  measured  at  elevated  temperatures  showed  the 
descending  I-E  curve  being  above  the  ascending  I-E  curve.  The  self-heating  of  carbon  nanotubes  by  emission 
current  coupled  by  the  less  effective  cooling  with  the  substrate  being  at  elevated  temperatures  during  the  descending 
cycle,  the  contribution  of  thermionic  electron  emission  from  nanotubes,  and  the  relatively  easier  bending  and 
straightening  of  carbon  nanotubes  at  elevated  temperature  in  alignment  with  the  applied  electric  field  may  contribute 
to  the  measured  I-E  hysteresis  at  elevated  temperatures  being  different  from  that  at  room  temperature. 

Keywords:  carbon  nanotubes,  electron  emission,  hysteresis,  tunneling 

INTRODUCTION 

Carbon  nanotubes  are  promising  for  cold  cathode  applications  due  to  their  excellent  electrical  and  mechanical 
properties,  such  as  high  aspect  ratio,  small  tip  and  curvature,  high  mechanical  strength,  and  high  resistance  to 
chemical  and  physical  attacks  (refs.  1  to  4).  Various  experiments  have  been  carried  out  and  have  demonstrated 
attractively  low  threshold  and  turn-on  electric  fields  for  field  emission  of  electrons,  as  well  as  high  emission  current 
densities.  Mechanisms  for  electron  emission  behaviors  of  carbon  nanotubes  are  not  adequately  clear.  In  this  paper, 
the  electron  emission  characteristics  of  carbon  nanotubes  are  examined  with  emphasis  on  the  hysteresis  of  the 
emission  current-electric  field  characteristics.  The  hysteresis  of  the  I-E  curves  may  be  related  to  the  stability  of  the 
electron  field  emission  in  a  long-term  field  emission  operation  as  well  as  field  emission  operations  under  changing 
environments.  The  carbon  nanotube  electron  emitter  exhibiting  the  least  I-E  hysteresis  may  also  be  the  electron  field 
emitter  that  will  provide  the  best  long-term  field  emission  stability. 

EXPERIMENTAL  PROCEDURE 

The  specimen  used  in  this  study  was  prepared  by  first  putting  a  piece  of  brazing  alloy  (Wesgo  Ticusil,  containing 
4.5%  Ti,  26.7%  Cu,  and  68.8%  Ag)  sheet,  which  has  liquidus  phase  above  850°C  and  solidus  phase  below  830°C, 
onto  a  piece  of  iron  with  a  flat  surface.  A  drop  of  carbon  nanotube  suspended  in  a  liquid  was  then  applied  onto  the 
brazing  alloy  sheet.  After  the  liquid  vaporized,  the  specimen  was  loaded  into  a  vacuum  furnace,  which  was  pumped 
to  a  pressure  of  60  mTorr.  The  specimen  was  heated  up  to  850°C  inside  the  vacuum  furnace.  The  electron 
emission  characteristics  of  the  specimen  were  measured  in  a  high  vacuum  chamber  under  base  pressure  of  lxlO6 
Torr.  A  piece  of  quartz  plate  was  used  as  a  spacer  between  the  specimen  and  a  counter  electrode  to  control  the 
distance  between  the  anode  and  the  cathode.  A  potential  difference  was  applied  between  these  two  electrodes  by  a 
computer  controlled  power  supply.  Emission  currents  were  measured  by  a  computer  controlled  picoammeter.  The 
specimen  could  be  heated  to  various  temperatures  up  to  860°C  during  the  measurements  by  using  a  lamp  with  an 
adjustable  power  supply. 
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RESULTS  AND  DISCUSSION 


The  surface  of  carbon  nanotubes  appeared  to  have  been  coated  with  metallic  nanoparticles  as  shown  by  the  SEM 
photograph  (see  Figure  1).  Figure  2  demonstrates  the  electron  emission  hysteresis  of  the  specimen  at  room 
temperature.  The  applying  electric  field  was  firstly  swept  up,  and  the  current  was  measured  as  a  function  of  electric 
field  between  the  anode  and  the  cathode.  The  electric  field  was  then  swept  down,  and  the  emission  currents  were 
measured  to  be  smaller  than  those  corresponding  to  the  same  electric  field  during  the  ascending  cycle. 

Two  mechanisms  may  have  contributed  to  the  measured  I-E  hysteresis.  It  is  known  that  chemisorbed 
molecules  on  a  metal  surface  produce  bonding  states  that  have  energy  levels  a  few  angstroms  off  the  metal  surface. 
These  states  can  increase  the  local  tunneling  current  by  forming  a  resonant  tunneling  of  electrons  (ref.  5).  This 
enhanced  electron  field  emission  occurs  more  significantly  when  the  carbon  nanotubes  were  cool  and  when  the  field 
emission  just  started  at  a  low  level  when  the  electric  field  is  being  swept  up.  It  is  less  effective  when  the  carbon 
nanotube  is  cooling  down  from  self-heating  by  emission  current  when  the  applied  electric  field  is  swept  down.  When 
nanotubes  emit  electrons  with  a  relatively  high  current  density,  the  temperature  of  nanotubes  may  increase 
dramatically  to  a  high  level  (>1000K)  due  to  the  self-heating.  When  the  temperature  exceeds  the  desorption 
temperature  for  the  molecule,  the  binding  states  will  then  be  removed.  Re-adsorption  during  the  descending  cycle 
may  recover  some  of  the  chemisorbed  molecules.  The  tunneling  enhanced  electron  emission  by  chemisorbed 
molecules,  therefore,  contributes  to  the  shifting  of  the  ascending  I-E  curve  to  the  upper  left  direction. 

The  second  mechanism  that  may  contribute  to  the  measured  I-E  hysteresis  is  the  burn-out  of  sticking-out  and 
taller  carbon  nanotubes.  Those  taller  carbon  nanotubes  were  subjected  to  higher  electric  fields  and  emitted  higher 
electron  current  densities  than  those  shorter  or  lower  carbon  nanotubes.  With  more  current  being  carried  through 
fewer  taller  carbon  nanotubes,  some  might  be  burned  away  when  the  applied  electric  field  was  swept  to  the 
maximum  value.  When  the  electric  field  was  swept  down  (decreasing  with  time),  there  were  less  tall  carbon 
nanotubes  and  therefore,  the  I-E  curve  for  the  descending  cycle  shifted  to  the  lower  right  direction.  Both  the 
tunneling  effect  and  the  burn-out  mechanism  appeared  to  support  the  measured  I-E  hysteresis  at  room  temperature 
with  the  descending  I-E  curve  being  below  the  ascending  I-E  curve.  The  dominant  mechanism  seemed  to  be  the 
enhanced  tunneling  effect  due  to  chemisorbed  molecules. 


Figure  1.  Scanning  electron  micrograph  of  brazed  single-walled  carbon  nanotubes  on  an  iron  substrate. 
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Figure  2.  Electron  field  emission  current  as  a  function  of  applied  electric  field  between  the  anode  and  the 
cathode  at  room  temperature.  The  dotted  curve  represents  the  cycle  when  the  electric  field  was  swept  up. 

The  circled  curve  represents  the  other  cycle  when  the  electric  field  was  swept  down. 

When  the  substrate  was  heated  to  elevated  temperatures,  however,  the  hysteresis  behavior  of  the  electron 
emission  I-E  curve  turned  out  to  be  the  other  way  around,  i.e.,  the  I-E  curve  for  the  descending  cycle  with  decreasing 
electric  field  was  measured  to  be  above  the  I-E  curve  for  the  ascending  cycle  (see  Figure  3).  There  should  be  a 
thermionic  emission  component  in  the  total  emission  current  when  the  electric  field  was  swept  up  to  the  maximum 
level  because  of  the  high  temperature  of  nanotubes  due  to  the  self-heating  effect.  When  the  substrate  temperature 
was  at  the  room  temperature,  nanotubes  could  cool  down  from  self-heated  high  temperature  much  quicker  than  when 
the  substrate  was  heated  to  an  elevated  temperature.  The  contribution  by  thermionic  electron  emission  may  thus  be 
higher  during  the  descending  cycle  when  the  substrate  was  heated  to  an  elevated  temperature.  The  thermionic 
emission  current  may  have  overwhelmed  both  the  chemisorbed  molecule  enhanced  tunneling  current  and  the  current 
changing  due  to  the  burn-out  of  electron  emitting  nanotubes  resulting  in  the  hysteresis  behavior  shown  in  Figure  3. 

Stepwise  increases  in  electron  emission  current  were  sometime  observed  when  the  substrate  was  heated  to 
elevated  temperatures  (see  Figure  4).  This  may  be  a  result  of  the  increasing  flexibility  and  weaker  bonding  of 
nanotubes  leading  to  easier  alignment  of  carbon  nanotubes  with  the  applied  electric  field  causing  the  electron 
emission  current  to  change  suddenly.  As  temperature  increased,  the  bonds  that  kept  nanotubes  from  being  aligned 
with  the  electric  field  became  weaker.  Therefore,  when  the  temperature  was  high  enough,  it  was  possible  that  one 
end  of  a  CNT  became  free  from  the  substrate  surface  and  that  this  CNT  was  bent  to  align  with  the  applied  electric 
field.  The  changing  of  the  height  of  the  tips  of  electron  emitting  carbon  nanotubes  might  have  contributed  to  the 
stepwise  increase  and  decrease  of  the  emission  currents.  As  shown  in  Figure  1,  there  was  quite  a  coating  of  metallic 
nanoparticles  on  the  nanotubes.  This  coating  may  also  contribute  to  the  hysteresis  of  the  I-E  characteristics  and  the 
step-wise  changes  of  electron  emission  current.  Further  investigation  is  underway  to  explore  the  effects  of  coatings 
on  carbon  nanotubes  on  electron  field  emission. 
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Fig.  4.  Electron  field  emission  current  as  a  function  of  applied  electric  field  between  the  anode  and  the 
cathode  with  the  substrate  being  heated  to  above  500°C.  The  dotted  curve  represents  the  ascending  cycle 
when  the  applied  electric  field  increased  with  time.  The  circled  curve  represents  the  descending  cycle  when 
the  electric  field  decreased  with  time. 
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CONCLUSIONS 


Five  mechanisms  were  adopted  to  explain  the  hysteresis  of  I-E  characteristics  of  the  electron  field  emission  from 
carbon  nanotubes  brazed  by  a  TiCuAg  alloy  to  an  iron  substrate.  Those  five  mechanisms  play  different  roles  during 
the  electron  emission  of  carbon  nanotubes.  At  low  ambient  temperatures,  the  chemisorbed  molecule  enhanced 
tunneling  may  be  the  dominant  mechanism.  The  burn-out  of  nanotubes  is  negligible  in  most  cases  especially  after 
carbon  nanotubes  have  been  “conditioned”,  that  is,  defective  or  tallest  carbon  nanotubes  have  been  intentionally 
removed,  because  long  term  testing  of  emission  current  demonstrates  a  fairly  stable  emission  current,  indicating  that 
the  damaging  of  emission  sites  are  small  (ref.  2).  At  higher  ambient  temperatures,  however,  because  of  the  removal 
of  chemisorbed  molecules  on  the  nanotube  surfaces,  the  contribution  by  thermionic  emission  and  the  relaxation  of 
nanotubes  to  align  with  the  applied  electric  field  might  become  dominant  forces  pushing  the  hysteresis  of  I-E  curves 
to  a  direction  opposite  that  for  substrate  being  at  low  temperatures.  The  sharp,  sometimes  stepwise,  increases  of 
emission  current  might  be  the  consequence  of  the  changing  shapes  of  the  nanotubes  in  alignment  with  the  electric 
field  as  well  as  the  absence  of  chemisorbed  molecule  enhanced  electron  emission  by  tunneling. 
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